Abstract. The aim of this paper is to constrain modified gravity with redshift space distortion observations and supernovae measurements. Compared with a standard ΛCDM analysis, we include three additional free parameters, namely the initial conditions of the matter perturbations, the overall perturbation normalization, and a scale-dependent modified gravity parameter modifying the Poisson equation, in an attempt to perform a more model-independent analysis. First, we constrain the Poisson parameter Y (also called G eff ) by using currently available f σ 8 data and the recent SN catalog JLA. We find that the inclusion of the additional free parameters makes the constraints significantly weaker than when fixing them to the standard cosmological value. Second, we forecast future constraints on Y by using the predicted growth-rate data for Euclid and SKA missions. Here again we point out the weakening of the constraints when the additional parameters are included. Finally, we adopt as modified gravity Poisson parameter the specific Horndeski form, and use scale-dependent forecasts to build an exclusion plot for the Yukawa potential akin to the ones realized in laboratory experiments, both for the Euclid and the SKA surveys.
Introduction
Since its discovery in 1998 [1, 2] , the accelerated expansion of the Universe has remained an open problem of cosmology, as our General Relativity based description of the Universe only allows for deceleration unless some additional components, such as a cosmological constant Λ or additional fundamental fields, are added to the theory. The additional fields might also modify the effective gravitational potential and give rise to so-called "modified gravity" (MG) models. This has prompted cosmologists to investigate many alternatives to General Relativity (see e.g. [3] for an overview of currently available models). Current and upcoming cosmological surveys are finally reaching a sensitivity which will allow to test modifications of gravity at cosmological scales and possibly to distinguish these from the simple scenario of a constant energy density (ΛCDM model) or uncoupled and unclustered dark energy.
In general, at linear perturbation level, a modification of scalar perturbations with respect to the ΛCDM model can be described by two functions in the Einstein equations, which generally depend on time and space or, in Fourier space, on the wavenumber k (see for instance [4] ). One function is Y (t, k) which modifies the standard Poisson equation (and also Newton's constant, so it is often denoted as G ef f : this notation however can be confusing since if Y is scale dependent, the expression for G ef f in the potential and in the force equations are different). The other one is the anisotropic stress η(t, k), which is the ratio between the two linear gravitational potentials Φ and Ψ which enter the spatial and temporal part, respectively, of the perturbed Friedmann-Robertson-Walker (FRW) metric. (Note that our perturbation variables are to be thought of as the root mean square of the corresponding random variable, so they are positive defined.) In standard gravity, we have Y = η = 1.
For a non-relativistic perfect fluid, the anisotropic stress is not sourced by matter at the linear level, so in this case η is a genuine indicator of modified gravity [5] . In [6] , the authors employed a model-independent approach to measure η without any assumption on the initial spectrum of perturbations and the bias, finding a forecasted error of a few percent if η is assumed constant. On the other hand, Y =1 can in principle arise also due to clustering of dark energy, rather than to a modification of gravity, but if the dark energy field is not coupled to matter the clustering on sub-horizon scales is expected to be negligible unless the field mass is so large that the field behaves as dark matter and therefore does not drive acceleration, or the sound speed is extremely small (orders of magnitudes smaller than the velocity of light). In any case, the detection of a deviation of Y from unity would signal an important manifestation of new physics.
In a large class of scalar field models, the so-called Horndeski Lagrangian, the two functions Y, η take a particular simple form in the quasi-static limit, i.e. when we neglect the time-derivatives of the perturbation variables (see next section). This is a good approximation for scales much below the sound horizon, see e.g. [7] [8] [9] . For our purposes we assume this approximation to hold; however, it is worth stressing that this point should be further addressed, specially given the large scales probed by the survey we will discuss in the rest of the paper (see e.g. [10] ). In real space, the Horndeski form gives rise to the Yukawa correction to the Newtonian potential. This paper is devoted to constraining the quasi-static scale-dependent form for the Yukawa parameters through current and future redshift space distortion (RSD) and supernovae data.
The parameter Y enters the equation for the growth of matter perturbation density contrast δ m . By comparing the theoretical prediction of the growth of δ m with the observations provided by the redshift distortion quantity f σ 8 (z) one can constrain the modified gravity parameters. However, one needs also to assume an initial condition for δ in order to integrate the differential equation. Almost universally, the choice has been to assume a standard matter-dominated cosmology at high redshift. This choice, however, is a very special one and is not justified neither by observations nor by theory. On the observational side, there is no direct information on the growth of matter at any epoch between the cosmic microwave background (CMB) at z ≈ 1000 and z ≈ 1, but only integral information like the integrated Sachs-Wolfe effect or the CMB lensing. On the theory side, any model in which dark energy is not negligible during the matter era will introduce a deviation from standard initial conditions that should be taken into account (see discussion in [11] ).
A further problem arises when using the f σ 8 (z) data. In fact, the quantity that is observed is the redshift-distorted galaxy power spectrum, namely
is the growth function, µ is the direction cosine between the line of sight and the wave vector k, and P m = δ m (0, k) 2 is the present matter power spectrum. Taking P
(the prime denotes derivative with respect to log a and σ 8 (z) ≡ σ 8 G). This is the raw observed quantity. In order to obtain f σ 8 (z) one needs a model for P 1/2 m (k) and at this point the assumption of a standard power spectrum shape is inserted in the procedure. The initial power spectrum shape can be measured or constrained through CMB observations but nothing guarantees that the shape has not changed after recombination, unless we assume again a standard matter era. The two problems just mentioned can be both seen as initial conditions problems: the equation for δ m is second order (see next section) so we need two free initial conditions, δ in and δ in , in order to carry out a more model-independent estimation of modified gravity parameters. Of course one is perfectly entitled to stick with a standard matter era throughout, but one should be aware that in this case one is testing a combination of standard assumptions and new physics, and the constraints on the MG parameters will change when assuming a different matter era. The purpose of this paper is to investigate possible constraints from future surveys, when these common assumptions are removed, thus performing a rather model independent forecast on general MG theories.
While at first we explore the simplest case in which Y is constant both in space and time, we then move to the Horndeski scale-dependent form, still freezing the time behavior. In this way we can constrain the parameters that enter the Yukawa potential and build a forecast exclusion plot similar to the one realized in laboratory or within the solar system. We follow here the same approach employed in [11] , extending the analysis performed there to more general expansion histories, in order to take into account models which deviate from ΛCDM also at the background level. For this purpose we use a CPL form [12] for the Dark Energy equation of state parameter w(z) and we include supernovae data in order to better constrain the background. Furthermore we also analyze SKA-like data alongside a Euclid-like survey.
It is important to remark that in the forecasts for Euclid and SKA we combine galaxy clustering and lensing (shear) in a non-parametric way to predict the measurement errors on the RSD quantity f σ 8 (z) and on the expansion rate E(z) ≡ H(z)/H 0 , as shown in [6] . Lensing measures the lensing potential and the expansion rate, while galaxy clustering measures the amplitude of the Newtonian potential, the RSD f σ 8 (z) and the expansion rate. The resulting Fisher matrix is marginalised over the lensing potential and over the spectrum amplitude to obtain the forecasted error on f σ 8 (z), E(z). These two quantities are model-independent in the sense that they do not depend on the power spectrum shape (f σ 8 (z) becomes model independent after marginalising over an overall constant, as explained later on), nor on the model of galaxy bias. We then use exclusively these two quantities to obtain constraints on the cosmological and modified gravity parameters. This ensures that our final constraints are model-independent in the sense explained above. The price to pay is that the constraints might become weaker than shown in other papers that assume either specific spectra shapes (e.g. ΛCDM), or bias models, or restrict in some way the modified gravity sector.
Linear perturbations
We focus our attention on the evolution of linear perturbations in the quasi-static limit (i.e. for scales significantly inside the sound horizon, c s k/(aH) 1), such that the terms containing k dominate over the time-derivative terms.
As shown in [8] , for a general modified gravity theory, one has the following equation for linear perturbation growth:
where δ m is the matter density contrast, Ω m = Ω m0 a −3 /E 2 is the matter density parameter and E ≡ H/H 0 is the dimensionless Hubble function, which describes the background expansion. The function Y represents the effective gravitational constant for matter and it is defined as
As done previously [11] , we assume either that baryons do not feel modified gravity (i.e., there is a suitable conformal or disformal factor in the metric coupled to baryons that cancel the effects of modified gravity) or that the local gravity experiments occur in an environments where the extra force is negligible (screening mechanism). In either case, we can escape most local gravity constraints. The time variation of the product GM is not screened, so one still has to confront with local constraints at the present time. However, one might always design a "time-screened" model such that the present constraints on(GM )/(GM ) vanish while being significant in the past, so again local constraints can always be avoided. We will therefore neglect any local constraint in this paper. The background expansion is described by:
in which we consider the Chevallier-Polarski-Linder parametrization [12] for the dark energy equation of state:
Therefore Eq. (2.1) can be written as
As in [11] , we define the initial conditions parameter α ≡ δ in /δ in . When we solve Eq. (2.5), we choose the initial value at z in ≈ 3.5, just beyond the observed range. We assume for now Y to be constant in space and time. The equation is then k-independent and the result can be directly compared to observations that are obtained in a finite range of scales. The constant α can itself in principle be scale dependent but for simplicity we assume this to not be the case. Since observations have so far been performed in a relatively small range of scales, this simplification is probably not very harmful at least for as concerns current constraints. In total we have five parameters {Ω m,0 , w 0 , w a , Y, α}, where only the first three enter the background equation (Eq. (2.3)), plus an overall constant for growth data that we can marginalize over analytically. We adopt uniform flat prior probabilities allowing for fairly large ranges (several σ larger than current constraints) as we expect degeneracies between standard and modified gravity parameters to widen the region of the parameter space with a non vanishing likelihood. The parameter space is sampled both through a grid approach and with an MCMC approach through the publicly available package cosmomc [13] , with a convergence diagnostic using the Gelman and Rubin statistic. We have thoroughly checked that the two approaches give compatible results and we will use those obtained with the latter throughout this paper.
Later on, we will take the Horndeski space-dependent form and we will have to define the k-ranges. In this case the expression for Y in the quasi-static limit can be written as [8] 
where h 1 , h 3 , h 5 are time dependent functions that can be explicitly obtained when the full Horndeski Lagrangian is given [5] . The scale k p is an arbitrary pivot scale that we choose to be k p = 1h/Mpc.
Likelihood analysis
We describe the growth rate data as a set of values f σ 8i at various redshifts, defined as:
where
The growth-rate theoretical estimates are defined asd i =δ i /δ 0 , whereδ is the solution of Eq. (2.5). Also for the background, we can define the data E i and the theoretical estimatesÊ i , given by Eq. (2.3), calculated for every redshift values. We build then theχ 2 function:
in which the data vector d i contains {f σ 8i ; E i }, t i includes {d i ;Ê i } for each value of redshift z i and C ij is the covariance matrix of the data. We decompose C −1 ij into three sub-matrices (RR), (ER), (EE) as
They are respectively the growth-rate error matrix (RR) ij , the background error matrix (EE) ij and the mixing matrix between the growth-rate and the background errors (ER) ij .
As mentioned in the Introduction, the data f σ 8 (z) are defined up to a constant that depends on the choice of the shape of the power spectrum. Here we wish to remain as much model-independent as possible and therefore we marginalize over this overall constant. Once again, in principle the constant might be scale dependent but we simplify our task by assuming it is not. Our goal, after all, is to see how much the constraints change when some of the model-dependent assumptions are removed and it is sufficient for now to show the effect when just a minimal set of assumptions are removed.
We marginalize then the likelihood L = exp(−χ 2 /2) over an overall positive factor with a uniform prior; this leads to a new posterior L = exp(−χ 2 /2) where
and:
This is the likelihood we will employ when forecasting constraints from future experiments. When estimating the forecast constrains from clustering and lensing, we assume E(z) as a free parameter in each bin, and therefore the final constraints on E(z) will be correlated with thos on the clustering and lensing variables. Current data, however, are produced in such a way that E(z) either does not enter the analysis or is fixed to ΛCDM. In both cases, it is not correlated with the growth data. The procedure for the current data is therefore slightly different and will be discussed next.
Current data

Supernovae data
In order to constrain the background, we will use the most recent SN catalog dubbed JLA (acronym for Joint Lightcurve Analysis [14] ). This is a joint analysis of the 740 spectroscopically confirmed supernovae type Ia of the SNLS and SDSS-II collaborations and covers a redshift range from 0.02 to 1.3. We can define the predicted magnitudes m(z i ) th by:
where d L (z) is the luminosity distance, which is computed under the assumption of spatial flatness:
and M is the absolute magnitude. We can rewrite Eq.
We note that, instead of the background theoretical estimates of E i , we have the theoretical estimates of the apparent magnitude, defined in Eq. (4.1). The observed apparent magnitude m i is given by [14] :
where m * B corresponds to the observed peak magnitude in the rest-frame B band, X 1 and C describe, respectively, the time stretching of the light-curve and the supernova color at maximum brightness, and α, β, M B are nuisance parameters related to the distance estimate, which are added to the sampled parameters and then marginalized out. The analysis for the supernovae is based on the χ 2 function:
where σ i are the errors on the apparent magnitudes and the index i labels the elements of the JLA dataset. We marginalize the likelihood L SN Ia = exp(−χ 2 SN Ia /2) over γ [3] , leading to a new marginalized χ 2 function:
where the quantities S n are defined as:
Growth data
The current dataset includes all the independent published estimates of f σ 8 (z) obtained with the redshift distortion method. It includes the data from 2dFGS, 6dFGS, LRG, BOSS, CMASS, WiggleZ and VIPERS, and spans the redshift interval from z = 0.07 to z = 0.8, see Table 1 . Current published values of f σ 8 (z). In some cases we list also the correlation coefficient ρ ij between different bins [15] . When there are different published results from the same dataset, we include only the more recent one (we put an asterisk to the entries which are not employed in this analysis). Table 1 (see also [15, 16] ). In some cases the correlation coefficient between two samples has been estimated in [15] and included in our analysis; when there are different published results from the same dataset in Table 1 , we include only the more recent one. The χ 2 growth can be expressed as in Eq.(3.4) with coefficients
We can then combine these data with the marginalized SN χ 2 of Eq. 
Results
We now analyze current data using the prescription of Eq.(4.10) in two different cases: the ΛCDM case, in which we fix Y = 1 and α = 1, and the case where the additional parameters are free to vary, from now on denoted "MG case". Table 2 and Fig. 1 show the results obtained for these two analysis; the top panels of Fig. 1 highlight how Table 2 . Marginalized values and 1-σ errors on the free parameters for current data in the ΛCDM case and in the MG case. When a two-tail likelihood is not allowed by the data, the 2-σ upper limit is shown.
particular, with respect to the ΛCDM case, the 2-σ bound on Ω m increases by 41%, while the 1-σ error on w 0 and w a increases by 44% and 53% respectively. Furthermore, it is interesting to notice how the inclusion of MG parameters relaxes the slight tension of current data with the ΛCDM background (w 0 = −1, w a = 0) at the cost of non standard best fit values for Y and α. Fig. 2 shows the posterior distribution obtained on Ω m,0 through growth data, supernovae and their combination in the MG case; it is interesting to notice that the growth rate data tend to move the marginalized 1-dimensional posterior for Ω m,0 toward smaller values, while supernovae data support a maximum near Ω m,0 = 0.3. The combined analysis still prefers low values of the matter density, but the effect of supernovae is to make more likely also higher values with respect to the growth-data-only analysis. This effect is stronger in the MG case as the degeneracies of Y and α with Ω m,0 degrade the constraining power of growth data on the matter density, increasing therefore the statistical significance of the SN dataset. Fig. 3 shows the best fit f σ 8 (z) trends found with our analysis (both in the ΛCDM and MG cases) compared to the f σ 8 (z) predicted using the best fit results of Planck 2015 [29] . Our marginalization over σ 8 allows to rescale the theoretical f σ 8 (z) by an arbitrary factor and this allows non standard values of Ω m,0 and w 0 , w a to better fit the data; comparing the obtained best fit χ 2 values with the one given by the Planck best fit parameters, we find ∆χ 2 = −2.57 in the ΛCDM case, while allowing also for Y and α to vary we obtain an improvement ∆χ 2 = −3.25.
Forecast data
Euclid mission
After having obtained constraints from currently available data, it is interesting to investigate how future surveys can improve our tests of gravity. To this purpose we focus on the future ESA mission Euclid, using the specifications presented in [30] , i.e. a coverage of 15,000 square degrees and a redshift interval z = 0.5−1.5. In order to forecast f σ 8 data from this survey, we follow the z-binning procedure of [6] and we divide the redshift range in equally spaced bins of width ∆z = 0.2 and, in order to prevent accidental degeneracy due to low statistic, a single larger redshift bin between z = 1.5 − 2.1, for a total of six bins. As we are mainly interested in the effect of the theory approach generality on constraints, we limit our analysis to the nominal Euclid specifications [30] ; however, recently the modelling of Hα emitters luminosity function has been discussed [31] and we emphasize that also this more conservative approach in forecasting the amount of observed sources might have a significant effect on the expect results.
Beside this, we also include in our forecast the Euclid weak lensing forecasts, following the prescription of [6] , where the full Fisher matrix for redshift distortion, galaxy clustering and weak lensing has been estimated.
The fiducial values and errors for f σ 8 and E are summarized in Table 3 (see also Fig. 4 ). As with currently available data, we analyze the ΛCDM and the MG cases, investigating how the additional parameters affect the achievable constraints. We use now the χ 2 described in Eq. (3.4), sampling the parameter space with the techniques mentioned at the end of Section 2.
As done for the currently available data, we assume that the additional parameters Y and α, together with the galaxy bias b, are not scale dependent; for this reason we consider only the redshift binning, without including any binning in k. An explicit scale dependence for Y parameter is instead considered in Section 6 of this paper, where therefore the predicted observations performed by the Euclid survey are binned also in scale.
SKA mission
As a comparison with Euclid, we also consider another almost contemporary facility, the Square Kilometre Array (SKA), which is a giant radio telescope array which will be built across two sites, in South Africa and in Western Australia. Its main aim will be to probe Table 3 . Fiducial values and errors for f σ 8 and E for the Euclid survey, combining weak lensing and galaxy clustering measurements (from [6] ).
the nature of dark energy by mapping out large-scale structures, primarily using the 21-cm emission line of neutral hydrogen (HI) to measure the galaxy's redshift with high precision [32] .
The SKA project will consist of two phases, denoted SKA1 and SKA2 in the following. Phase 1 will be formed by three different arrays: SKA1-MID, SKA1-SUR, which are dish arrays with a mid-frequency (ν 1.4 GHz) receivers and low/intermediate redshifts and SKA1-LOW which is an aperture array with a lower frequency (ν < 350 MHz) and higher redshifts. The LOW will be capable to detect HI emission only for z ≥ 3 by using intensity mapping (IM) rather then a galaxy survey, so we will not consider it here. The SKA1 survey (for either MID and SUR) will cover 5,000 deg 2 area and it will detect about 5×10 6 HI galaxies up to z ∼ 0.5. The second phase, SKA2, planned for the late 2020s, will have a sensitivity around 10 times the one of SKA1 and should be capable of detecting about 10 9 HI galaxies over a 30,000 deg 2 area, up to z ∼ 2.0.
For both cases, we follow the procedure described in [33] and obtain the galaxy redshift distribution functions (dN/dz) and the bias redshift evolution (b(z)) as
where the values of the c i parameters are obtained from [33] . In [33] , constraints on dark energy equation of state parameters w 0 and w a and on the spatial curvature parameter Ω K are obtained using forecast BAO measurements for SKA1 and SKA2 and these are compared with a Euclid like Hα galaxy survey. The interesting point is that SKA2 outperforms Euclid by a factor around 2 due to the fact that it has a double area and an additional redshift bin below Euclid's minimum redshift. As for Euclid, we build forecast datasets for both SKA1 and SKA2 observations of galaxy clustering, dividing the redshift range 0 ≤ z ≤ 2.5 in six equispaced bins, which are reported in Table 4 (see also Fig.  4) , and we analyze these in the ΛCDM and MG cases. As done for Euclid observations, we do not consider a k-binning for this case.
SKA will also be able to perform shear measurements as the Euclid survey [34] [35] [36] . Therefore, following the same procedure used for Euclid and the SKA shear specifications [34] , we include forecast shear measurements for both SKA1 and SKA2. Table 4 . Fiducial values and SKA1 and SKA2 errors for f σ 8 and E combining weak lensing and galaxy clustering measurements. 
Future Supernovae survey
On top of the information brought by Weak Lensing and Galaxy Clustering, we assume that constraints on the background are also imposed by a future supernovae Ia survey; we consider observations in the redshift range 0 < z < 2.5 and we divide the interval in the same bins used for the SKA survey (but with the initial redshift z = 0 instead of 0.05). We also assume that, in this range, the total number of observed SN is n SN = 10 5 as expected for LSST survey [37] , taking as a reference the Union 2.1 [38] catalogue for the distribution of data in each bin and for the average magnitude errors. Notice that with this choice the last two SKA bins do not include any supernova. Given these survey specifications we obtain the Fisher matrix for supernovae observation and the χ 2 obtained from these at each step of the MCMC is then added to the one obtained by the combination WL+GC in order to construct a joint posterior for the free parameters. Table 5 and Table 6 report, respectively, the results obtained in the ΛCDM limit (Y = 1 and α = 1) and those for the full MG analysis, where both Y and α are free parameters. These Table 5 . Marginalized values and 1−σ errors on the free parameters for forecast data (which includes Euclid, SKA1 and SKA2) in the ΛCDM case.
Results
results are also shown graphically in Fig. 5 where the top panels contain the 2D contour plots obtained in ΛCDM, while the bottom ones refer to the MG case. It is immediate to see how, although all the considered data combinations are expected to be extremely precise in measuring the expansion history of the Universe, constraints brought Table 6 . Marginalized values and 1−σ errors on the free parameters for forecast data (which includes Euclid, SKA1 and SKA2) when MG parameters are allowed to vary.
by galaxy clustering and weak lensing on the standard cosmological parameters are degraded when MG parameters are included in the analysis; this can be noticed comparing the empty contours of the top and bottom panels of Fig. 5 . In the Euclid case for example, the errors on Ω m,0 , w 0 and w a increase respectively by roughly 5, 2 and 3 times. This is due, as already discussed for currently available data in the previous section, to the degeneracies between standard parameters and Y and α, which are shown by the empty contours of Fig. 6 . The net effect of allowing modified gravity is therefore to make more expansion histories viable despite the extreme sensitivity of future surveys. However, as SN information is not affected by the MG parameters, which modify only the linear perturbations, its inclusion strongly helps to break degeneracies, as it can be seen in the filled contours of Fig. 6 and in Table 6 . It is interesting to notice how the current constraints on MG parameters significantly improve using forecasts for these experiments; this means that despite the degeneracies highlighted here, future surveys will be able to significantly reduce the parameter space regions allowed for modified gravity theories. Figure 7 shows the posterior distribution on Y obtained using the Euclid full dataset (i.e. with the inclusion of supernovae) both with a varying α and α fixed to 1. In this second case we also show the posterior obtained without marginalizing a priori on σ 8 ; in this case we use the χ 2 of Eq. (3.2), with a free-to-vary σ 8 derived from the cosmological parameters assuming GR. In this plot we notice, as expected, how the constraint on Y are much tighter when α = 1 with respect to the general initial conditions case. We notice also how the inclusion of σ 8 in the analysis slightly improves further the constraint on Y although relying on a specific assumption of the gravity theory.
A cosmological exclusion plot
In this section we wish to obtain an exclusion plot, i.e. the region of the parameter space that a future redshift surveys can achieve, in analogy to what already done in [11] . We remind that, in the quasi-static limit of the Horndeski theory, the expression for Y is given by Eq. (2.6). If we perform a Fourier anti-transformation of this equation, we obtain a Yukawa-like gravitational potential
where h 5 = (1 + Q)λ 2 and h 3 = λ 2 (notice that M h 1 is the observable, not h 1 alone), and where the mass M is to be interpreted as the gravitational mass of a source at the origin. Here G 0 is the gravitational constant one would measure in laboratory where the effects of the modification of gravity are assumed to be screened or baryons to be uncoupled. Now, we want to solve Eq. (2.5) in the quasi-static Horndeski result coupled to the background defined in Eq. (2.3), so in total, we have seven parameters: the strength Q and the range λ of the Yukawa term (we assume that they are constant in the observed range), h 1 , the initial conditions α and Ω m,0 , w 0 , w a. . If one were to satisfy the present-time constraints oṅ (GM )/GM at all times, then h 1 = 1 with great precision. As we already remarked, however, this extrapolation of present constraints to the past is unwarranted and we leave therefore h 1 as a free parameter to be marginalized over. We reproduce the exclusion plot only for the Euclid and SKA2 cases since, as we have seen before, they are those that best constrain the parameters. In order to solve Eq. (2.5), we need to have a minimum of three k-bins for every value of the redshift. We take the minimum binning value of k as k min = 0.007 h/Mpc (the results are very much insensitive to this choice) and the value of the highest k is conservatively chosen to be below the scale of non-linearity at the redshift of the first bin for the Euclid case. For simplicity, we assume that the k-values are the same for all the redshift bins (k min − k 1 : 0.007 − 0.022, k 1 − k 2 : 0.022 − 0.063, k 2 − k max = 0.063 − 0.180) for both surveys. In Table 7 we display the fiducial values and errors for f σ 8 and E at every redshift and every k-bin for the Euclid case and in Table 8 for the SKA2-full. We numerically solve Eq. (2.5) inserting the value of k corresponding to the central value of each k-bin and we vary the value of λ from 0 to 120 Mpc/h; for every step, we calculate the errors on Q at 68% and 95% of c.l., marginalizing over all the other parameters. The region which is outside the errors on Q is therefore the region that a future survey will be able to rule out. The parameters Q and λ are the cosmological analog of the parameters employed in laboratory experiments to test deviations from Newtonian gravity, see e.g. [39] . Fig. 8 shows the region that the Euclid survey (left panel) and SKA2 survey (right panel) can exclude. It appears that they are very similar. For very small values of λ, the strength Q is unconstrained, since in this limit the fifth-force effects decay at small distances. Q is weakly constrained also at very large λ since in this limit Y becomes scale independent and the overall constant h 1 is marginalised over. The constraints are therefore maximized at intermediate values 10M pc/h < λ < 50M pc/h. In this regime, both surveys will constrain Q to be smaller than 0.2-0.3 (68% c.l.)
In the popular class of f (R) models, one has Q = 1/3 and the range λ = 1/m where m is the mass of the scalaron given by
where f ,R , f ,RR are derivatives with respect to R. Moreover, h 1 = 1/(1 + f ,R ). Often constraints on f (R) are obtained for specific models and fixing the background to be ΛCDM, Table 7 . Fiducial values and relative errors for f σ 8 data at every redshiftz and every k-bin (labeled with the index i, from [6] ), for the Euclid survey. [40, 41] . Our exclusion plot allows us to remove these assumptions since we do not fix the modified gravity model and we marginalize over the background. From Fig. 8 we see that f (R) models can be ruled out only if the range λ = 1/m is within 10 − 40 Mpc/h at 95% c.l. and 5 − 70 Mpc/h at 68% c.l. . Figure 8 . Forecast of a cosmological exclusion plot for the Euclid (left panel) and for the SKA2 (right panel) surveys. In both cases, the darker region is the 68% c.l. region, the lighter one is the 95% c.l. region. The dotted line is the value of Q in f (R) models. Table 8 . Fiducial values and relative errors for f σ 8 data at every redshiftz and every k-bin (labeled with the index i), for the SKA2 survey.
Conclusions
In this paper we investigated deviations from the standard Poisson's equation in terms of general modifications of the gravitational theory, parametrized through an effective gravitational constant Y . With respect to previous results we make a further attempt towards a model independent approach, using general initial conditions, encoded in the α parameter, and marginalizing σ 8 out of the likelihood, thus removing the need of a choice of the shape of the power spectrum. We assumed the parameters Y and α to be constant or, in the case of Y , to follow a Horndeski behavior. Alongside the modified growth of perturbations, we also assume a general expansion history described by w(a) = w 0 + w a (1 − a). As explained in the Introduction and in the forecast section, one should be careful in comparing our results to similar analyses: generally speaking, the more one tries to be modelindependent, the more is likely to obtain weaker constraints. These constraints are however by construction more robust in the sense that they stay the same even when other models of, e.g., initial conditions or bias, are assumed.
In the constant parameters assumption, we analyzed this general parametrization with currently available supernovae and galaxy surveys, investigating the effect of deviations from the standard growth and expansion history. In order to preserve the generality of our approach, we marginalize an overall amplitude out of the data when computing our likelihood, as this depends on unknown initial conditions. We find that current data are not able to constrain the modified gravity parameters with good precision, as α is constrained with a ≈ 300% error, while only an upper bound can be obtained on Y . Interestingly, we find that the growth-rate data prefer Ω m,0 to assume small values, while supernovae data support a maximum likelihood Ω m,0 ≈ 0.3. The combined analysis still prefers low values of the matter density, but the effect of supernovae is to make more likely values excluded by the growth-data-only analysis, in the modified gravity case.
We also forecast the performances of two future experiments: SKA, in the SKA1 and SKA2 configurations, and Euclid. In both cases we combine the expected information coming from galaxy clustering and weak lensing, and we include also a forecast for a future SN survey. It is possible to notice how these future experiments will significantly improve our knowledge of gravity, as possible deviations from the standard GR will be constrained with a ≈ 30% error on Y and a ≈ 70% one on α in the most sensitive case considered here (SKA2).
Finally we adopt a Horndeski form for Y , i.e. a Yukawa-like correction to the Newtonian gravitational potential. The constraints imposed by future experiments are represented as a cosmological exclusion plot between the parameters Q and λ, i.e. the strength and range of the Yukawa force introduced by the modification of gravity. We find that the strength will be constrained to be less than 0.2 at 68% c.l. of the Newtonian gravitational strength for both the Euclid and the SKA2 cases if the interaction range is around 10-50 Mpc/h. This constraint will be sufficient to rule out all f (R) models with a range in this regime.
